postoperative liver dysfunction remains a major concern following hepatic resection. In order to identify patients who are at risk of developing liver dysfunction, indocyanine green (ICG) clearance has been proposed to predict postoperative liver function. All patients who underwent liver resection at the Medical University Vienna, Austria between 2006 and 2015 with preoperative ICG clearance testing (PDR, R15) were analyzed in this study. Postoperative liver dysfunction was analyzed as defined by the International Study Group of Liver Surgery. Overall, 698 patients (male: 394 (56.4%); female: 304 (43.6%)) with a mean age of 61.3 years (SD: 12.9) were included in this study, including 313 minor liver resections (44.8%) and 385 major liver resections (55.2%). One hundred and seven patients developed postoperative liver dysfunction after liver resection (15.3%). Factors associated with liver dysfunction were: male sex (p = 0.043), major liver resection (p < 0.0001), and preoperative ICG clearance (pDR (p = 0.002) and R15 (p < 0.0001)). Notably ICG clearance was significantly associated with liver dysfunction in minor and major liver resections respectively and remained a predictor upon multivariable analysis. An optimal cut-off for preoperative ICG clearance to accurately predict liver dysfunction was pDR < 19.5%/min and R15 > 5.6%. To the best of our knowledge, this is the largest study analyzing the predictive value of preoperative ICG clearance assessment in patients undergoing liver resection. ICG clearance is useful to identify patients at risk of postoperative liver dysfunction.
Liver resection has become the treatment of choice for a wide range of benign and malignant disease entities. While severe morbidity and mortality has decreased in specialized centers to 20 and 1-3% respectively [1] [2] [3] , postoperative liver dysfunction still remains a major concern associated with a significant incidence of liver-related deaths 4, 5 . Even in healthy patients without underlying liver damage, the incidence of hepatic dysfunction following major liver resection is estimated to be approximately 5% 6 . Known risk factors are the extent of resection, intraoperative blood loss, preoperative chemotherapy but most importantly preoperative liver function [7] [8] [9] . In patients with impaired liver function even a small resection can result in a fatal outcome 3, 10 . Thus, a proper patient selection is crucial to exclude patients that may not benefit from hepatectomy.
In order to reduce mortality due to postoperative liver dysfunction, several strategies have been established to identify patients at risk. Indocyanine green (ICG) clearance has been validated as a valuable tool for identifying patients with impaired preoperative liver function 11, 12 . In liver resection ICG clearance has been proposed to define patients, who are at risk of developing postoperative liver dysfunction 13, 14 or surgical complications 15 . Currently, data on the value of preoperative ICG clearance testing to predict the development of postoperative liver dysfunction are scarce and studies are limited to small patient numbers. Moreover, there exists no analysis investigating the predictive value of ICG clearance with respect to the extent of liver resections (minor versus major liver resection). Therefore, we performed an extensive analysis of all patients who underwent liver (2019) 9:8421 | https://doi.org/10.1038/s41598-019-44815-x www.nature.com/scientificreports www.nature.com/scientificreports/ resection in our center with available preoperative ICG clearance testing results and determined the predictive value regarding postoperative liver dysfunction.
Methods
This is a retrospective study investigating the predictive value of ICG clearance testing with respect to postoperative outcome after liver resection. All patients with available preoperative ICG clearance testing results who underwent elective liver resection of at least one segment between January 2005 and December 2016 were included in this analysis. Patients who underwent non-anatomical resections were excluded from this analysis. Overall 1008 patients underwent hepatic resection within the study period and preoperative ICG clearance testing results were available in 698 patients (63.2%). The type of liver resection was defined as major and minor resections according to the IHPBA Brisbane 2000 nomenclature (≤2 segments: minor; >2 segments: major) 16 . The study was reviewed and approved by the institutional review board of the Medical University Vienna. All methods were performed in accordance with the relevant guidelines and regulations. Due to the retrospective nature of this study the IRB waived the need to obtain informed consent.
ICG clearance testing. ICG clearance was measured as previously described 15 . In brief, patients received 0.25 mg/kg ICG intravenously on the day before the liver resection. The plasma disappearance rate (PDR) and the ICG retention rate (R15) were measured by pulse spectrometry with a LiMON device (Pulsion Medical Systems, Munich, Germany). The surgical strategy was not changed upon the results from the ICG clearance testing. study endpoints. The primary endpoint was the incidence of liver dysfunction defined by the ISGLS criteria as abnormal bilirubin levels and prothrombin time on or after postoperative day five 17 . Secondary endpoints were postoperative complications (according to the Clavien-Dindo classification 18 , lengths of stay and overall survival.
statistics. Metric data were expressed as means with SD or median with interquartile range (Q1-Q3) and comparison between groups was performed with the Mann-Whitney U test or an unpaired t-test as indicated. Categorical values were compared with Fishers-exact test or a chi-square test. A logistic regression was used to model occurrence of liver dysfunction. Results are presented with odds ratios (OR) and corresponding 95% confidence intervals (95% CI). For this IGG clearance were log-transformed with a basis of 10. Survival probabilities were calculated using a Kaplan-Meier-analysis and group comparison was performed using a log-rank test. Al performed tests are based on a significance level of 0.05. Statistical analysis was performed using GraphPad Prism, version 6 (GraphPad Prism Software ® , La Jolla, CA) and SAS (©SAS Institute Inc., Cary, NC, USA).
Results patient characteristics.
Patient characteristics are show in Table 1 . Overall, 698 patients were included in this study. The majority of patients were male (n = 394; 56.4%) and underwent major liver resection (n = 385; 55.2%). The indications for liver resections were predominantly metastases (n = 390; 55.9%) followed by primary liver cancer (31.2%) and benign diseases (12.9%). The median follow-up was 23.3 months (8.9-49.7).
ICG clearance. The median PDR was 21.1%/min (17.7-25. 3) and the median R15 was 4.0% (2.0-7.0). There was no significant difference between patients undergoing major or minor resections with respect to preoperative ICG clearance testing. However, patients with hepatocellular carcinoma (HCC) had a significantly impaired ICG clearance compared to patients with other indications for liver resection (metastasis, cholangiocarcinoma or benign disease) (PDR: 19.5%/min (16.4-25) vs. 21.6%/min (18-25.7); p = 0.009) (Suppl. Figure 1a ,b). Additionally, patients with HCC a significantly higher fibrosis score in the resected specimen (Suppl. Figure 1c ). Of note, there was no significant difference in PDR (p = 0.152) or R15 (p = 0.251) in patients with or without preoperative portal vein embolization (PVE). When analyzing the association between MELD score and ICG clearance we found a significant correlation between PDR (p < 0.0001; r = −0.236) and R15 (p < 0.0001; r = 0.238) (Suppl. Figure 2) . postoperative liver dysfunction. Overall, 107 patients developed postoperative liver dysfunction after liver resection (15.3%). In these patients, PDR levels were significantly lower compared to patients with normal postoperative liver function (18.8 (16.1-23.1) vs. 21.8 (18) (19) (20) (21) (22) (23) (24) (25) (26) ; p < 0.0001) (Fig. 1a) . Conversely, R15 was significantly higher in patients with liver dysfunction (6 (3-8.9) vs. 3.9 (2-6.8); p < 0.0001) (Fig. 1b) . Notably, patients with liver dysfunction had a significantly shorter median overall survival compared to patients without liver dysfunction (median 22.9 vs 43.1 months; OR 1.9 (1.4-2.5), p = 0.004) (Fig. 1c) .
Factors associated with liver dysfunction in a univariate analysis were: male sex (p = 0.043), type of resection (major, minor liver resection) (p < 0.0001), and preoperative ICG clearance (PDR (p = 0.002) and R15 (p < 0.0001)). In a multivariate analysis male sex (OR 1.76 (95% CI 1.02-3.02); p = 0.043); major resection (OR 8.5 (95% CI 4.3-16.5); p < 0.0001) and a higher ICG clearance (R15, based on a log10 transformation) (OR 2.15 (95% CI 1.05-1.00) p = 0.035) remained with a significantly increased risk for liver dysfunction (Table 2) .
Of note, ICG clearance was significantly associated with liver dysfunction in minor and major liver resections, respectively.
Optimal cut-off values for ICG clearance testing. The best cut-off value for predicting liver dysfunction was calculated by using the Youden-index. An optimal cut-off for preoperative ICG clearance to accurately predict liver dysfunction was a PDR < 19.5%/min and an R15 > 5.6%. Patients with impaired ICG clearance according to these cut-off values were significantly older, were more likely to be male and had less likely a benign cause for liver resection (Table 3) . Notably, the grade of fibrosis in the liver was higher compared to patients who did not fulfill these criteria.
www.nature.com/scientificreports www.nature.com/scientificreports/ Most strikingly, patients with impaired ICG clearance developed two times more likely a postoperative liver dysfunction (Fig. 2 ) that also resulted in more, and more severe complications and ultimately to a significantly prolonged length of hospitalization. Sensitivity for R15 (>5.6%) was 57% and the specifity was 66.5% resulting in a false positive (FP) rate of 33.5% and a false negative (FN) rate of 43%. For PDR (<19.5%/min) sensitivity was 57.4% and specifity 64.9% (FP: 35.1% FN: 42.5%).
Discussion
To the best of our knowledge, this is the largest study analyzing the predictive value of preoperative ICG clearance assessment in patients undergoing liver resection with respect to postoperative liver dysfunction and clinical outcome. ICG clearance identified patients at risk of postoperative liver dysfunction and significantly worse clinical outcome. Especially in patients undergoing major liver resection, preoperative ICG clearance testing has proven to be clinically relevant given the relatively high incidence of liver dysfunction compared to minor liver resections. Short-term survival was significantly diminished in patients who developed liver dysfunction after liver resection, however long-term outcome was similar to patients without liver dysfunction. These findings are line with previous reports that post-operative complications don't affect long-term outcome [19] [20] [21] . Ultimately, as shown by Padickakudy et al. it might be that serotonin plays a bivotal role in liver regeneration and tumor progression. While patients with high serotonin levels have a lower risk for developing post-operative liver dysfunction, the risk for developing tumor progression is significantly higher compared to patients with low levels of serotonin levels (who are vice versa at higher risk for developing liver dysfunction) 22 . However, these findings remain to be verified in future and larger clinical studies.
Several approaches are currently pursued to determine preoperative liver function including functional imaging-based analysis 23 , analysis of intra-platelet serotonin 24 or HVPG measuring 25, 26 . In contrast to most of these strategies, ICG clearance testing is cheap, non-invasive and readily available allowing for discrimination between high and low risk patients.
In this study, patients with a worse ICG clearance were generally older, more likely to be male and had a higher grade of liver fibrosis in the resected specimen compared to patients with normal values. These results are in line with several other studies showing a connection between ICG clearance and liver fibrosis 11, 27 . However, 28 . This discrepancy might be explained by the smaller patient number and the relatively high proportion of HCC patients compared to our study.
A worse ICG clearance was associated with the development of postoperative liver dysfunction. These results are in accordance with previous smaller studies 13, 29, 30 . By using a cut-off of a PDR of <19.5%/min and an R15 > 5.6% a group of patients was identified with a significantly worse outcome. Tomimaru et al. reported that platelet count was superior to ICG clearance testing (R15) in the prediction of postoperative liver dysfunction 31 . In the present study we didn't find any association between platelet numbers and the incidence of liver dysfunction, which may be explained by the high proportion of patients with normal liver function.
In a recent study by Zou et al. R15 was significantly associated with liver dysfunction in minor liver resections but not major liver resections 32 . These results are contrary to our study as ICG clearance was found to be associated with liver dysfunction in both minor and major liver resections. We assume that the conflicting results can be explained by the relatively low incidence of liver dysfunction in minor liver resections in our cohort and by the lower percentage of HCC patients, which are known for a high percentage of liver damage 33 . www.nature.com/scientificreports www.nature.com/scientificreports/ The clinical consequences of an impaired liver function need to be carefully considered when selecting patients for liver resection. On the one hand extensive resection should be avoided, parenchymal sparing surgery and combinations with intraoperative ablations of small lesions instead of major liver resections should be favored 34, 35 . Alternative approaches to prevent postoperative liver dysfunction are the augmentation of the future liver remnant (FLR) by performing portal vein embolization or the ALPPS procedure. Consequently, the question which reference of FLR should be anticipated in patients with poor ICG clearance needs to be evaluated in future clinical studies.
We are aware that there are several limitations of this analysis which are inherent to the retrospective nature of this study. However, a large patient number and a long follow up may outweigh the latter restrictions. The large overlap of PDR and R15 values observed in patients with and without liver dysfunction certainly limits the predictive capacity of ICG clearance testing as a single tool to evaluate a patient before liver resection. Thus, we Table 3 . Preoperative ICG clearance testing cut-off levels. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; **** p ≤ 0.0001.
www.nature.com/scientificreports www.nature.com/scientificreports/ suggest to combine the results with clinical status, type of hepatectomy and other important factors including established liver damage, the use of neoadjuvant chemotherapy or any other relevant comorbidities to estimate the risk of liver resection.
We further narrowed the tested variables in the uni-and multivariate analysis to clinically relevant and already established factors that may contribute to liver dysfunction, thus, there is the chance that we missed further parameters which are connected to liver dysfunction. However, to prevent a model overfit and to have reproducible results we limited the tested values to the (in our opinion) most important variables.
Conclusions
We conclude that in patients with poor ICG clearance at a cut-off of the PDR of 19.5%/min and an R15 of 5.6% in combination with other risk factors such as male sex, major liver resections should be considered with caution and patients informed accordingly. Besides that, ICG clearance testing is a valuable tool to identify patients at risk of developing postoperative liver dysfunction. Figure 2 . ICG clearance cut-off levels and liver dysfunction: By using a cut-off with a PDR < 19.5% min and an R15 of more than 5.6% allowed for defining a cohort of patients with a significantly increased risk of developing liver dysfunction. ***p ≤ 0.001.
